Load application induces changes in the expression levels of Sox-9, FGFR-3 and VEGF in condylar chondrocytes  by Papadopoulou, Alexandra K. et al.
FEBS Letters 581 (2007) 2041–2046Load application induces changes in the expression levels of Sox-9,
FGFR-3 and VEGF in condylar chondrocytes
Alexandra K. Papadopouloua, Dionysios J. Papachristoub, Stavros A. Chatzopoulosc,
Pertti Pirttiniemid, Athanasios G. Papavassilioue, Efthimia K. Basdraa,*
a Department of Orthodontics, School of Dentistry, Aristotle University of Thessaloniki, Thessaloniki 54124, Greece
b Department of Pathology, School of Medicine, University of Ioannina, Ioannina 45110, Greece
c Department of Urban-Regional Planning and Development Engineering, School of Engineering, Aristotle University of Thessaloniki,
Thessaloniki 54124, Greece
d Institute of Dentistry, University of Oulu, Oulu, Finland
e Department of Biological Chemistry, Medical School, University of Athens, Athens 11527, Greece
Received 26 March 2007; revised 11 April 2007; accepted 14 April 2007
Available online 25 April 2007
Edited by Lukas HuberAbstract Experimental and clinical observations have proven
the modulatory eﬀects of mechanical loading on the development
and maintenance of cartilage architecture. Here we examined
the involvement of Sox-9, FGFR-3 and VEGF (pivotal factors
controlling cartilage development and growth) in the mechano-
transduction pathway of mandibular condylar cartilage by
changing the dynamics of the transmitted load via changes in
food hardness. To this end, condyle cartilage tissue of rats fed
with hard or soft food was analyzed immunohistochemically at
various time points. Our ﬁndings demonstrate that diﬀerent
mechanical loading conditions in condylar chondrocytes trigger
diﬀerentiation-/maturation-related processes by aﬀecting the
expression levels of these factors, ultimately inﬂuencing condylar
cartilage growth.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Endochondral bone development and growth is a multistep
and continuous process: mesenchymal cell adhesion is followed
by the formation of condensations of cells that are committed
to the chondrogenic lineage. These cells later become prolifer-
ating chondrocytes, further mature to hypertrophic chondro-
cytes synthesizing the major components of cartilage
extracellular matrix and ultimately, after their terminal diﬀer-
entiation, undergo apoptosis. Osteoblasts from the bone mar-
row lay down osteoid that calciﬁes to bone while new blood
vessels are being formed [1]. These events occur continuously
throughout life and are controlled by systemic factors (hor-Abbreviations: AP-1, activator protein-1; FGF, ﬁbroblast growth
factor; FGFR-3, FGF receptor 3; Runx2, runt-related transcription
factor 2; TBS, Tris-buﬀered saline; VEGF, vascular endothelial growth
factor
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doi:10.1016/j.febslet.2007.04.037mones) and local mediators (cytokines, growth factors, tran-
scription factors) [2,3].
In addition to biologic regulatory molecules morphogenesis,
development, maintenance and adaptation of cartilage tissue is
highly dependent on mechanical loading. A number of exper-
imental models simulating the in vivo conditions of growth
and function have been developed over the years, in order to
investigate the mode of action of mechanical forces in the dif-
ferent stages of proliferation, maturation and hypertrophy of
chondrocytes [4–7].
During the past decade, several important factors control-
ling cartilage development and growth have been identiﬁed.
Sox-9 is a transcription factor expressed in chondroprogenitor
cells and diﬀerentiated chondrocytes [8]. Its essential involve-
ment in chondrogenesis and skeletal formation has been postu-
lated by defects in alleles of the sox-9 gene identiﬁed in humans
with campomelic dysplasia, a dominantly inherited lethal
chondrodysplasia [9], while targeted haploinsuﬃciency muta-
tions of sox-9 gene in transgenic mice lead to disability of mes-
enchymal cells to form condensations and diﬀerentiate to
chondrocytes.
Fibroblast growth factor (FGF) receptors comprise a family
of four receptors, which speciﬁcally bind to diﬀerent but struc-
turally related FGFs. FGF receptor 3 (FGFR-3) represents a
crucial mediator in endochondral bone formation as it is ex-
pressed in proliferating and early hypertrophic chondrocytes
of the cartilaginous structures during embryonic skeletal devel-
opment and in the growth plate postnatally [10]. The develop-
mental pathology of achondroplasia can be interpreted as
gain-of-function mutations that activate the fundamentally
negative growth control exerted by the FGFR-3 kinase
[11,12]. Targeted disruption of fgfr-3 gene in mice causing
inactivation of the receptor produced opposite results with in-
creased length of skeletal components, suggesting that FGFR-
3 inhibits chondrocyte proliferation and diﬀerentiation in
conjunction with retardation of osteogenesis and bone devel-
opment [11].
Vascular endothelial growth factor (VEGF) is a homo-
dimeric glycoprotein that controls blood vessel formation
and permeability, acting speciﬁcally as a mitogen in endothe-
lial cells [13]. VEGF is expressed in several tissues and exerts
its role in endochondral ossiﬁcation through its expression
and release by hypertrophic chondrocytes. Inactivation ofblished by Elsevier B.V. All rights reserved.
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vessel invasion and impaired bone growth [14], while vegf
knock-out mice presented massive chondrocyte cell death at
the growth plates [15].
In dentofacial orthopedics, treatment of various craniofacial
anomalies involves the application of mechanical load to the
mandible, targeting the growth of condylar cartilage. Animal
experiments showed condylar cartilage tissue response to alter-
ations in mandibular position [16], while in vitro studies of
loaded chondrocyte tissue cultures revealed a mechanically-
triggered transduction system establishing the diﬀerentiated
chondrocyte phenotype [4,6,7].
The aim of the present study was to investigate maturation-/
diﬀerentiation-related phenomena in condylar cartilage tissue
following alterations in mechanical loading, by examining
the early response of condylar chondrocytes to load applica-
tion and, more speciﬁcally, its eﬀect on the expression level
of pivotal factors for chondrocyte proliferation and diﬀerenti-
ation/maturation, namely Sox-9, FGFR-3 and VEGF.2. Materials and methods
2.1. Subjects
One hundred 14-day-old female Wistar rats were divided into two
groups: one group was provided with whole pellet/hard (P) food
(Hankkija, Finland) and the other group was provided with soft (S)
powdery food. Water and milk were available ad libitum. For further
reduction of mastication forces, the upper and lower incisors of the
soft diet group were shortened twice a week non-traumatically with
a light wire cutter. On day 21 (weaning day and initiation day of the
experiment), milk was removed from the diet and 10 animals from each
group were sacriﬁced after 2, 6, 12, 24 and 48 h. The right temporo-
mandibular joints were dissected, ﬁxed (10% neutral formalin for
24 h), demineralized (10 days in 5% formic acid), embedded in paraﬃn
(4-lm thick sections) and processed for immunohistochemical staining.
The protocols were approved by the animal experimentation commit-
tee of the University of Oulu [17].
2.2. Immunohistochemistry
Unstained sections were deparaﬃnized in xylene and subsequently
rehydrated through graded concentrations of alcohol. Deparaﬃnized
tissue sections were transferred in 0.01 M sodium citrate buﬀer (pH
6.0) and heated twice for 15 min in a 1000-W microwave oven for anti-
gen retrieval. The sections were cooled for 20 min at room tempera-
ture, then rinsed for 5 min with distilled water and washed twice
with 0.05 M Tris-buﬀered saline (TBS) (pH 7.6) for 10 min. Endoge-
nous peroxidase was deactivated by incubation for 20 min with 0.6%
hydrogen peroxide in methanol. After an additional wash in TBS,
non-speciﬁc binding was prevented by incubation for 20 min in 0.1%
bovine serum albumin followed by overnight incubation (4 C) with
the primary commercially available antibodies: (a) rabbit polyclonal
anti-Sox-9 [sc-20095 (epitope corresponding to amino acids 407-496
of Sox-9 of human origin), Santa Cruz Biotechnology, Santa Cruz,
CA, USA; dilution 1:100]; (b) rabbit polyclonal anti-FGFR-3 [sc-123
(epitope mapping at the C-terminus of FGFR-3 of human origin),
Santa Cruz Biotechnology; dilution 1:100]; (c) mouse monoclonal
anti-VEGF [Ab-3 JH121 (epitope: not determined, immunogen: re-
combinant human VEGF121 isoform), Neomarkers, USA; dilution
1:50].
Speciﬁc binding detection was achieved by utilization of the strepta-
vidine-biotinilated peroxidase-based system (Super Sensitive Ready-to-
Use Detection Kit, Bio-Genex Laboratories Inc., San Ramon, CA,
USA). For color reaction, a 0.05 M Tris solution of 0.05% 3 0,3-diam-
inobenzidine tetrahydrochloride (DAB; Sigma Chemical Co., St.
Louis, MO, USA) in 0.01% hydrogen peroxide was applied to the
slides for 3 min at room temperature. Slides were counterstained by
Harris hematoxylin, further dehydrated in increasing series of ethanol
and xylene and ﬁnally mounted with Permount (Fisher Scientiﬁc,
Loughborough, UK). Stain intensity was assessed and evaluated incartilage zones under light microscopy by two independent investiga-
tors (DJP and EKB). A minimum of 1000 cells was detected in each
specimen. Immunohistochemical staining was graded on a scale of
0–3+ (0, no detectable staining; 1+, mild staining; 2+, moderate stain-
ing; 3+, intense staining), according to McCarty et al. [18] and Kloen
et al. [19].
2.3. Statistical analysis
Estimation of the diﬀerences in immunoexpression intensity of Sox-
9, FGFR-3 and VEGF in relation to time (2, 6, 12, 24, 48 h) and food
type (soft and pellet/hard) was performed by applying two-way analy-
sis of variance (ANOVA). To further determine putative statistically
signiﬁcant diﬀerences between the levels of time intervals, Tukey
post-hoc analysis at 0.05 signiﬁcance level was employed. Experimental
data were processed with SPSS for Windows (version 13.0, SPSS Inc.,
Chicago, IL, USA).3. Results
The results of the immunohistochemical staining for Sox-9,
FGFR-3 and VEGF in condylar cartilage in animals fed with
soft (S) and hard (P) food are depicted in Figs. 1–3, respec-
tively.
3.1. Proliferating zone
Immunoexpression of Sox-9 and FGFR-3 was evident in the
proliferating zone. For Sox-9, no diﬀerences were observed in
the mean stain intensity values between the two food-type
groups. Both food groups showed a gradual increase in stain
intensity over time (Fig. 4A). The main eﬀect of time
(P = 0.001) alone is signiﬁcant, whereas the main eﬀect of food
type and the interaction of both factors together (time and
food type) are not signiﬁcant. Tukey post-hoc analysis re-
vealed statistical diﬀerences between 2 and 12 h, 2 and 24 h,
and 2 and 48 h.
With regard to FGFR-3, diﬀerences were observed in the
mean stain intensity values in relation to time. While a ﬂuctu-
ation in stain intensity values was evident, an overall increase
was observed in both food-type groups (Fig. 4B). The main
eﬀect of time (P = 0.013) is signiﬁcant at P < 0.05 level.
The main eﬀect of food type and the interaction of both fac-
tors together (time and food type) are not signiﬁcant. Statisti-
cally signiﬁcant diﬀerences in the mean stain intensity values
were observed between 2–48 h and 6–48 h (Tukey post-hoc
analysis).
3.2. Early hypertrophic zone
In the early hypertrophic zone, immunolocalization of Sox-
9, FGFR-3 and VEGF was evident. For Sox-9, diﬀerences
were observed in the mean stain intensity values in relation
to food type, the intensity being greater in the soft-type food.
Moreover, an increase in the mean value of stain intensity was
exhibited up to 12 h and stabilization afterwards (time periods
12, 24, 48 h) (Fig. 5A). The main eﬀect of time (P = 0.001) and
food type (P = 0.032) were statistically signiﬁcant at the level
of P < 0.05. At this signiﬁcance level, diﬀerences in the mean
values of stain intensity were observed between 2 and 12 h, 2
and 24 h, and 2 and 48 h (Tukey post-hoc analysis).
Regarding FGFR-3, diﬀerences were evident in the mean
stain intensity values in relation to food type. Contrary to
Sox-9, stain intensity for FGFR-3 was greater in the hard-food
group. Stain intensity mean values in the hard-food group
were gradually increasing over time (2–48 h). The main eﬀect
Fig. 1. Immunoexpression of Sox-9 in condylar cartilage in animals fed with soft (S) and pellet/hard (P) food. Whereas at 6 h diﬀerences in stain
intensity of Sox-9 are not quite evident between the two food-type groups, at 48 h the strong diﬀerence in stain intensity becomes apparent
(magniﬁcation: 200·).
Fig. 2. Immunoexpression of FGFR-3 in condylar cartilage in animals fed with soft (S) and pellet/hard (P) food. Whereas at 6 h diﬀerences in stain
intensity of FGFR-3 are not quite evident between the two food-type groups, at 48 h the strong diﬀerence in stain intensity becomes apparent
(magniﬁcation: 200·).
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Fig. 3. Immunoexpression of VEGF in condylar cartilage in animals fed with soft (S) and pellet/hard (P) food. Whereas at 6 h diﬀerences in stain
intensity of VEGF are not quite evident between the two food-type groups, at 48 h the strong diﬀerence in stain intensity becomes apparent
(magniﬁcation: 200·).
Fig. 4. Proliferation zone – Estimated marginal means of immunohistochemical stain intensity in relation to time for Sox-9 (A) and FGFR-3 (B).
Fig. 5. Early hypertrophic zone – Estimated marginal means of immunohistochemical stain intensity in relation to time for Sox-9 (A) and FGFR-3
(B).
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Fig. 6. Early hypertrophic and hypertrophic zone – Estimated
marginal means of immunohistochemical stain intensity in relation
to time for VEGF.
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cant at P < 0.05 level (two-way ANOVA analysis). Tukey
post-hoc analysis revealed diﬀerences between 6 and 48 h
(Fig. 5B).
3.3. Hypertrophic zone
The expression of VEGF was introduced in the early hyper-
trophic zone and continued in the hypertrophic zone. For
VEGF, the mean stain intensity value in the hard-food group
is signiﬁcantly higher. Both food groups displayed a decrease
in stain intensity at 12 h and an increase afterwards (Fig. 6).
The main eﬀects of time (P = 0.003) and food type
(P = 0.020) are signiﬁcant at P < 0.05 level. At this signiﬁcance
level, diﬀerences among the mean values of stain intensity are
evident between 2–48 h and 12–48 h.4. Discussion
Normal development, growth and maintenance of cartilage
tissue are dependent on biochemical factors and mechanical
loading. In an eﬀort to understand cartilage mechanobiology,
considerable research has been developed over the past years
employing a variety of in vitro and in vivo experimental proto-
cols. Despite extensive investigation, loading signal transduc-
tion mechanisms in cartilage cells remain obscure [4]. Cell
cultures of load-sensitive cells, such as osteoblasts and chon-
drocytes, under loading conditions reveal changes in gene
expression through potentiation of certain transcription fac-
tors like activator protein-1 (AP-1) and runt-related transcrip-
tion factor 2 (Runx2) [5,20–23].
To explore signal transduction pathways related to the diﬀer-
entiated phenotype after mechanical loading of condylar
cartilage tissue, the intracellular abundance of the crucial diﬀer-
entiation/proliferation factors Sox-9, FGFR-3 and VEGF was
assessed in dissected condylar cartilage tissues. The material
was obtained from condylar cartilage of animals fed with two
types of food, soft and hard, representing two diﬀerent condi-
tions of loading: unloading and normal function, respectively.
The animals used in the present study were in the active growth
period and at the initiation of experiment, the dissected condy-
lar cartilage of both food-type groups had no previous experi-
ence of loading [17]. In the proliferating zone of condylar
cartilage, the intensity of immunoexpression of Sox-9 was found
to be statistically related only to time, whilst in the hypertrophiczone statistical diﬀerences were observed in relation to both time
and food type. Animals fed with soft powdery food showed
higher intensity values of immunoexpression, implying a critical
role for Sox-9 in response to diﬀerent loading conditions. Evi-
dently, the lower the level of loading the higher the immunoex-
pression of Sox-9 in the hypertrophic zone. One can postulate
that reduced levels of Sox-9 immunoexpression would be asso-
ciated with increased loading conditions. It has been proposed
that reduced levels of Sox-9 expression accelerates prehypertro-
phic chondrocyte maturation to the hypertrophic phenotype
[24], further substantiating the notion that increased loading
conditions promote the diﬀerentiation process in cartilage
[6,7]. Our results referring to Sox-9 are in accordance with the
data reported by Xiong et al. [25], who found enhancement of
Sox-9 expression levels in condylar cartilage in animals that
underwent mandibular advancement, a situation where condy-
lar cartilage is in unloaded condition.
Genetic studies of several forms of human dwarﬁsm and
mousemodels of chondrodysplasic syndromes have established
that FGFR-3 regulates endochondral ossiﬁcation by an essen-
tially negative mechanism, limiting rather than promoting lon-
gitudinal growth [11]. Furthermore, fgfr-3 mutations in the
prenatal period upregulate FGFR-3 and Stat-p21Cip1 expres-
sion while inducing premature exit of proliferative cells from
the cell cycle and their diﬀerentiation into prehypertrophic
chondrocytes [26,27]. In the present study, in the proliferating
zone, the immunoexpression levels of FGFR-3 were found
unrelated to food type but related to time. In the hypertrophic
zone the immunoexpression levels were found related both to
time and food type. Animals fed on hard food and experienced
higher condylar cartilage loads revealed higher expression lev-
els for FGFR-3, implying that increased loading augments the
intracellular abundance of FGFR-3. Given the negative con-
trol of FGFR-3 in the endochondral ossiﬁcation process and
the longitudinal bone growth retardation seen in FGFR-3-re-
lated human chondrodysplasias caused by defective diﬀer-
entiated chondrocytes [27], it seems that increased loading
in condylar cartilage can aﬀect condylar growth through
FGFR-3 induction. Both Sox-9 and FGFR-3 displayed signif-
icantly higher immunoexpression levels at 48 h compared to
2 h. It appears that at 48 h diﬀerentiation/maturation phenom-
ena operating in condylar cartilage due to diﬀerent loading
conditions become fully expressed.
The angiogenic factor VEGF has been suggested to be mech-
anosensitive not only in cartilage but also in other cell types.
Stretch stimulation of cultured myocytes and vascular muscle
cells produced increased VEGF expression and phosphoryla-
tion of the relevant VEGF receptor [28,29]. In the present
study, substantially higher diﬀerences for VEGF were ob-
served in the hypertrophic zone of cartilage tissue under in-
creased loading as in animals fed with hard food, indicating
capillary invasion promotion and onset of endochondral ossi-
ﬁcation in the growth front. Similarly, in vitro application of
cyclic tension or hydrostatic stress in cartilage explants [30]
enhanced signiﬁcantly VEGF expression.
As endochondral growth, diﬀerentiation, maturation and
replacement by bone proceeds a correlation between FGFR-
3 and VEGF become evident, as absence of FGFR-3 in
mutant mice leads to decreased expression of VEGF [31]. Mac-
roscopically, hypertrophic chondrocytes increase in depth
suggesting that signaling by FGFR-3 plays a more prominent
role in cartilage maturation and vascular invasion at the
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expression patterns for FGFR-3 and VEGF under diﬀerent
loading conditions, suggesting that load application interferes
and coordinates FGFR-3 and VEGF expression controlling
the transition from cartilage to bone tissue.
Collectively and in concert with previous studies employing
diﬀerent experimental protocols [30], the present results clearly
show that diﬀerent mechanical loading conditions in condylar
chondrocytes evoke diﬀerentiation-/maturation-related phe-
nomena by aﬀecting the expression levels of the pivotal factors
for chondrocyte proliferation and diﬀerentiation/maturation
i.e. Sox-9, FGFR-3 and VEGF, and imply that condylar car-
tilage loading ultimately inﬂuences condylar cartilage growth.
As expected, the time parameter appears to be a decisive one
(especially the time interval 48 h), positively aﬀecting all fac-
tors studied. Evidently, following load application in condylar
cartilage, chondrocytes respond by altering the expression
pattern of a set of speciﬁc genes, which results in protein pro-
duction, changes of which are reﬂected in their respective
abundance.
Although premature, at this stage, our data might provide a
biological platform to the dentofacial orthopedic therapeutic
approaches employed in treating patients by advancing the
mandible and subsequently unloading the condylar cartilage
(aiming at growth enhancement), or by exerting force against
the mandible and subsequently loading the condylar cartilage
(aiming at growth retardation).
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